Cell to cell communication is vital for the development of cardiovascular adaptations during gestation and are reliant on GJ (gap junction) intercellular communication (GJIC).^[@R1]--[@R3]^ GJs are specialized membrane hemichannels composed of Cx (connexin) proteins that direct cell--cell diffusion of ions, small molecules, and second messengers (eg, IP3, Ca^2+^, cAMP, cGMP, ATP)^[@R4]--[@R6]^ that are important for synchronizing endothelial cell vasodilatory responses. Pregnancy is a physiological state of vasodilation that requires heightened cell coupling to maintain substantial increases in blood flow necessary for fetal growth and development.^[@R1],[@R2],[@R7],[@R8]^ Endothelial-derived vasodilators, such as prostacyclin (PGI~2~) and nitric oxide (NO), are enhanced in the uterine circulation during pregnancy and serve as a pregnancy-adapted vasodilatory phenotype that sets the stage for the pronounced gestational elevations in uterine blood flow.^[@R3],[@R8]^ We have shown that Cx43 is the major GJ protein present in uterine artery endothelial cells (UAECs) and controls pregnancy-specific Ca^2+^--mediated activation of endothelial NO synthase and NO production in vitro^[@R1]^ and ex vivo.^[@R2]^ In hypertensive states of pregnancy, reduced vasodilation is related to endothelial cell dysfunction characterized by reduced bioavailability of endothelium-derived vasodilators, in particular NO.^[@R1],[@R2],[@R7],[@R8]^ Aberrant Cx43 expression, function,^[@R9]^ and lack of sufficient NO production are associated with hypertension.^[@R10]^ Because endothelial cell dysfunction is linked to impaired endothelium-dependent vasodilation mechanisms, hypertensive diseases of pregnancy, such as preeclampsia,^[@R9],[@R11],[@R12]^ may very well occur at least in part because of a failure to enhance the vasodilatory phenotype through Cx43 closure or internalization.^[@R3]^

Cx43 distribution at the plasma membrane seems to influence the conduction properties of cells.^[@R4]--[@R6]^ Cx43 distribution and conductivity are also dictated by phosphorylation by several site-specific signaling kinases.^[@R4],[@R5],[@R13]--[@R18]^ Phosphorylation of Cx43 at cAMP-dependent PKA (protein kinase A)--mediated serine (S)365 and PKC (protein kinase C)--dependent S368 sites differentially regulate GJIC via open^[@R16],[@R19]^ and closed^[@R17],[@R20]^ gating of GJ hemichannels, respectively. The S365 and S368 sites also differentially regulate GJ assembly and disassembly at the plasma membrane, respectively.^[@R16]--[@R20]^ The second messenger cAMP via PKA increases Cx43 phosphorylation at S365 and GJIC. The cAMP-enhanced GJ assembly directly results in the net movement of newly synthesized Cx43 to the plasma membrane,^[@R16],[@R18],[@R19]^ thereby, rapidly increasing the number and assembly of de novo GJs within minutes.^[@R19]^ In addition, cGMP-dependent Cx43 phosphorylation decreases GJ conductance,^[@R21]^ while PKC-dependent S368 phosphorylation decreases GJIC and dramatically inhibits new GJ assembly.^[@R22],[@R23]^ The interaction between phosphorylation state at S365 and S368 inversely affects each other and is suggested to be mutually exclusive. This is known as the gatekeeper theory, where phosphorylated S365 plays a gatekeeper role by preventing Cx43 phosphorylation at S368. Thus, S365 phosphorylation may function to protect cells from downregulation of GJIC.^[@R5],[@R24]^

Although cAMP and cGMP signaling is usually thought of as mutually redundant, it is possible that cAMP/PKA and cGMP/PKG (protein kinase G) pathways will have opposing functional effects on Cx43. To date, there is a lack of an understanding of their mutual roles in Cx43 phosphorylation and signaling events that affect vasodilatory processes in UAECs. In these studies, we, thus, contrasted cAMP and cGMP effects on (1) Cx43 phosphorylation state in nonpregnant (NP)-UAECs versus P-UAECs; (2) Cx43 phosphorylation state that occurs via PKA or PKG in P-UAECs; and (3) changes in Cx43 expression and phosphorylation that also correspondingly drive changes in GJIC communication and sustained calcium bursts in P-UAECs. We hypothesize that cAMP will mediate increases in Cx43 S365 phosphorylation that will enhance GJ trafficking and open gating, while cGMP will increase S368, but not S365, phosphorylation to enhance GJ turnover and closed gating in P-UAECs versus NP-UAECs.

Materials and Methods
=====================

Detailed methods are available in the [online-only Data Supplement](http://hyper.ahajournals.org/lookup/suppl/doi:10.1161/HYPERTENSIONAHA.117.09113/-/DC1).

Cell Preparation and Culture
----------------------------

University of Wisconsin-Madison Animal Care Committee approved these protocols. Ovine UAECs were isolated from nonpregnant (luteal, n=4) and pregnant (120--130 days; term=147 days; n=4) ewes.^[@R3]^ Passage 4, UAECs (≈90% confluence) were cultured in endothelial basal medium for experimental treatments and either (1) lysed for Western analyses; (2) grown on chamber slides for Lucifer yellow dye transfer studies; or (3) grown on 5-mm glass-bottom micro-well dishes for Ca^2+^ imaging studies.

Experimental Treatments and Protein Kinases Inhibition
------------------------------------------------------

For exogenous cyclic nucleotide time course experiments, NP-UAECs and P-UAECs were treated with endothelial basal medium or endothelial basal medium containing 1 μmol/L or 1 mmol/L of 8-bromo (8-Br-)-cAMP or 8-Br-cGMP for 0 to 60 minutes or 12 hours. Based on these studies, P-UAECs were treated for 1 hour with cell-permeable 10 μmol/L of antagonists for PKA (PKI \[protein kinase inhibitor\] 14--22 amide, myristoylated) or PKG \[2-Bromo-3,4-dihydro-3-\[3,5-*O*-\[(*R*)-mercaptophosphinylidene\]-β-[d]{.smallcaps}-ribofuranosyl\]-6-phenyl-9*H*-Imidazo\[1,2-*a*\]purin-9-one sodium salt\] (Rp-8-Br-PET-cGMPs) followed by treatment with doses of either 1 μmol/L or 1 mmol/L of 8-Br-cAMP or 8-Br-cGMP for 30 minutes.

Protein Extraction and Western Immunoblotting
---------------------------------------------

Western analyses were performed^[@R3]^ on whole cell lysates using antibodies for Cx43 C-terminus (CT1) S365 antibody (1:3000) specific for Cx43 when it is nonphosphorylated at S365 ([online-only Data Supplement](http://hyper.ahajournals.org/lookup/suppl/doi:10.1161/HYPERTENSIONAHA.117.09113/-/DC1)), S368 (1:1250) detects levels of Cx43 only when phosphorylated at serine 368, or total Cx43 (1:3000). Secondary antibodies, anti-rabbit or anti-mouse, were detected using enhanced chemiluminescence and HyperFilm. β-Actin was used as a loading control.^[@R2],[@R3]^

Lucifer Yellow Dye Transfer
---------------------------

P-UAECs (\<90% confluent) were grown on chamber slides^[@R3]^ and treated for 1 hour with 10 μmol/L PKI 14--22 amide, myristoylated, or Rp-8-Br-PET-cGMPs prior to treatment with vehicle or either 1 μmol/L or 1 mmol/L 8-Br-cAMP or 8-Br-cGMP for 30 minutes. UAECs were scraped with a sterile razor blade and incubated for 10 minutes with 0.05% Lucifer yellow and tetramethylrhodamine dextran (3 kDa),^[@R1],[@R3],[@R25]^ washed with Ca^2+^-free Krebs buffer containing an additional 50 μmol/L ethylene glycol tetraacetic acid,^[@R1],[@R3]^ and imaged in triplicate using fluorescence microscope. Areas of dye spread (fluorescent areas) were quantified using ImageJ software.

Fura-2 \[Ca^2+^\]~i~ Imaging Studies
------------------------------------

P-UAECs were grown to \>90% density, loaded with Fura-2AM (10 μmol/L) in Krebs buffer (125 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgSO~4~, 1 mmol/L KH~2~PO~4~, 6 mmol/L glucose, 2 mmol/L CaCl~2~, 25 mmol/L HEPES, pH 7.4), and individual endothelial cells (≈90 cells/dish) were preselected and imaged. Cells were recorded simultaneously for a 5-minute baseline and then stimulated by ATP (100 μmol/L; 30 minutes).^[@R1]^ Cells were washed and allowed to recover for 20 minutes and treated with 8-Br-cAMP or 8-Br-cGMP (1 μmol/L or 1 mmol/L; 30 minutes) before a subsequent treatment of ATP while recording continued (another 30 minutes). Cells that gave ≥2 Ca^2+^ bursts during the initial ATP treatment were counted before and after treatment as described previously.^[@R1]^

Statistical Analysis
--------------------

Data presented as means±SEM fold of control (untreated). We performed statistical analyses between control and experimental groups using the Student's *t*-test, 1-way analysis of variance, 2-way analysis of variance, or a Mann--Whitney rank-sum test as appropriate (SigmaPlot12). Statistical significance was established a priori at *P*\<0.05.

Results
=======

Effects of Cyclic Nucleotides on Cx43 Phosphorylation in UAECs
--------------------------------------------------------------

Using Western analysis, we examined Cx43 phosphorylation sites (S365 and S368) that may act inversely to control GJ assembly/disassembly and gating. Compared with NP-UAECs and untreated control, P-UAECs treated with 1 μmol/L and 1 mmol/L 8-Br-cAMP exhibited significant pregnancy-specific increases in CT1 S365 levels (nonphospho-specific antibody) of 3-fold and 5-fold (*P*\<0.05) by 30 minutes, which maintained for ≤12 hours (≈2- to 3-fold; Figure [1](#F1){ref-type="fig"}A). In contrast, 8-Br-cAMP treatment only promoted a modest rise in Cx43 S368 phosphorylation signal (Figure [1](#F1){ref-type="fig"}B), which did not reach statistical significance, consistent with PKA regulating S365 and not the pS368. Interestingly, 1 μmol/L 8-Br-cAMP increased total Cx43 ≈2-fold by 60 minutes, while the 1 mmol/L dose significantly increased total Cx43 4-fold by 30 minutes, an increase maintained for ≤12 hours (*P*\<0.05; Figure [1](#F1){ref-type="fig"}C). When P-UAEC S365 and pS368 data were normalized to total Cx43 (Figure [1](#F1){ref-type="fig"}D), P-UAECs incubated with 1 mmol/L 8-Br-cAMP still displayed an overall increase in CT1 S365 signal that is most likely caused by the substantial new synthesis of nonphosphorylated Cx43 protein. Because of this increase in total Cx43, the normalized pS368 Cx43 data displayed a relatively smaller, but still significant increase in CT1 S365 signal and an overall decrease (*P*\<0.05) in Cx43 S368 phosphorylation.

![Effects of 8-Br (8-Bromo)-cAMP on Cx43 (connexin 43) phosphorylation in nonpregnant uterine artery endothelial cells (NP-UAECs) and pregnant uterine artery endothelial cells (P-UAECs). 8-Br-cAMP significantly increases nonphosphorylated Cx43 S365 levels, but not pS368. Western blot analyses showing the effects of 1 μmol/L and 1 mmol/L 8-Br-cAMP for 0 to 60 minutes or 12 hours in NP-UAECs vs P-UAECs on (**A**) nonphosphorylated Cx43 S365 levels detected by the Cx43 C-terminus (CT1) antibody, (**B**) Cx43 pS368 phosphorylation levels, (**C**) total Cx43 levels, and (**D**) Cx43 S365 and pS368 phosphorylation sites normalized to total Cx43 only for P-UAECs treated with 1 mmol/L 8-Br-cAMP. \*, Increase (*P*\<0.05, n=4) of cyclic nucleotide treatment vs untreated control. \*\*, Decrease (*P*\<0.05, n=4) of S365/total Cx43 vs pS368/total Cx43. t, Increase (*P*\<0.05, n=4) of Cx43 phosphorylation in 1 mmol/L vs 1 μmol/L treatment. \#, Increase (*P*\<0.05, n=4) of Cx43 phosphorylation in NP-UAEC- vs P-UAEC-treated cells. +, Increase (*P*\<0.05, n=4) of S365/total Cx43 vs pS368/total Cx43.](hyp-70-401-g001){#F1}

Treatment with 8-Br-cGMP also caused significant time- and dose-related increases of CT1 S365 signal but of smaller magnitude (≈2-fold; 30 minutes) than 8-Br-cAMP (Figure [2](#F2){ref-type="fig"}A). In contrast to 8-Br-cAMP, 8-Br-cGMP also significantly increased Cx43 S368 phosphorylation levels (3- to 4-fold; 30 minutes; *P*\<0.05; Figure [2](#F2){ref-type="fig"}B). While 8-Br-cGMP also displayed both a time- and dose-related increase in total Cx43 (Figure [2](#F2){ref-type="fig"}C), when the S365 and pS368 signals were normalized to total Cx43 levels in P-UAECs, there was no significant increase (*P*\>0.05) in S365 signal or significant decrease in pS368 signal (Figure [2](#F2){ref-type="fig"}D).

![Effects of 8-Br (8-Bromo)-cAMP on Cx43 (connexin 43) phosphorylation in nonpregnant uterine artery endothelial cells (NP-UAECs) and pregnant uterine artery endothelial cells (P-UAECs). 8-Br-cGMP significantly increases both nonphosphorylated Cx43 S365 and pS368 levels. Western blot analysis showing the effects of 1 μmol/L and 1 mmol/L 8-Br-cGMP for 0 to 60 minutes or 12 hours in NP-UAECs vs P-UAECs on (**A**) nonphosphorylated Cx43 S365 levels detected by the Cx43 C-terminus (CT1) antibody, (**B**) Cx43 pS368 phosphorylation levels, (**C**) total Cx43 levels, and (**D**) Cx43 S365 and pS368 phosphorylation sites normalized to total Cx43 only for P-UAECs treated with 1 mmol/L 8-Br-cGMP. \*, Increase (*P*\<0.05, n=4) of cyclic nucleotide treatment vs untreated control. t, Increase (*P*\<0.05, n=4) of Cx43 phosphorylation in 1 mmol/L vs 1 μmol/L treatment. \#, Increase (*P*\<0.05, n=4) of Cx43 phosphorylation in NP-UAEC- vs P-UAEC-treated cells.](hyp-70-401-g002){#F2}

Role of PKA or PKG in Mediating Cx43 Phosphorylation in P-UAECs
---------------------------------------------------------------

To test the role of PKA and PKG, we used kinase-specific inhibitors. We observed that P-UAECs treated with the PKA antagonist, PKI, alone significantly reduced CT1 S365 signal and total Cx43 levels and pS368 Cx43 phosphorylation. PKI treatment prevented 8-Br-cAMP-mediated increases and significantly reduced CT1 S365 (nonphosphorylated at S365), Cx43 pS368, and total Cx43 signals below basal (Figure [3](#F3){ref-type="fig"}A through [3](#F3){ref-type="fig"}C). PKI also inhibited the lesser 8-Br-cGMP-induced effects on the CT1 S365 signal and reduced total Cx43 levels below basal, consistent with a possible cross reaction or cross talk of 8-Br-cGMP with PKA. PKI treatments did not significantly alter the pS368 signal in 8-Br-cGMP-treated P-UAECs, in contrast to the significant (*P*\<0.05) inhibition below basal when 8-Br-cAMP treatment was used (Figure [3](#F3){ref-type="fig"}B).

![Role of PKA (protein kinase A) signaling pathways in Cx43 (connexin 43) phosphorylation in pregnant uterine artery endothelial cells (P-UAECs). Inhibition of PKA significantly reduced nonphosphorylated Cx43 S365 levels. Western blot analysis showing the effects of treatment with 10 μmol/L of PKA antagonist PKI (1 hour) on 1 μmol/L and 1 mmol/L 8-Br (8-Bromo)-cAMP-mediated and 8-Br-cGMP-mediated (30 minutes) changes of (**A**) nonphosphorylated Cx43 S365 levels detected by the Cx43 C-terminus (CT1) antibody, (**B**) Cx43 pS368 phosphorylation levels, and (**C**) total Cx43 levels. \*, Decrease (*P*\<0.05, n=4) in Cx43 phosphorylation state vs untreated control.](hyp-70-401-g003){#F3}

Use of the PKG inhibitor Rp-8-Br-PET-cGMPs alone appeared to not affect CT1 S365 signal (Figure [4](#F4){ref-type="fig"}A) or changes in pS368 Cx43 (Figure [4](#F4){ref-type="fig"}B) or total Cx43 (Figure [4](#F4){ref-type="fig"}C). Rp-8-Br-PET-cGMPs also failed to prevent 8-Br-cAMP-stimulated increases in CT1 S365 signal or total Cx43 in P-UAEC (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}C). However, Rp-8-Br-PET-cGMPs blocked (*P*\<0.05) 8-Br-cGMP-stimulated increases in CT1 S365 signal and total Cx43 (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}C) and successfully blocked 8-Br-cGMP effects on S368 phosphorylation levels in P-UAECs (Figure [4](#F4){ref-type="fig"}B). Thus, these inhibitors successfully discriminated the roles of PKA versus PKG in each response at the dose used.

![Role of PKG (protein kinase G) signaling pathways in Cx43 (connexin 43) phosphorylation in pregnant uterine artery endothelial cells (P-UAECs). Inhibition of PKG did not affect Cx43 phosphorylation. Western blot analysis of the effects of 10 μmol/L of PKG antagonist Rp-8-Br (8-Bromo)-PET-cGMPs (1 hour) on 1 μmol/L and 1 mmol/L 8-Br-cAMP-mediated and 8-Br-cGMP-mediated (30 minutes) changes of (**A**) nonphosphorylated Cx43 S365 levels detected by the Cx43 C-terminus (CT1) antibody, (**B**) Cx43 pS368 phosphorylation levels, and (**C**) total Cx43 levels. \*, Increase (*P*\<0.05, n=4) in Cx43 phosphorylation state vs untreated control.](hyp-70-401-g004){#F4}

Role of Cyclic Nucleotides Signaling Pathways in Regulating GJIC Function
-------------------------------------------------------------------------

Using Lucifer yellow dye transfer as a measure of GJIC and GJ functionality, we examined the role cyclic nucleotides play in GJIC. Under these conditions, there was no detectable difference in basal GJIC between NP-UAEC and P-UAEC (Figure [5](#F5){ref-type="fig"}A). P-UAECs incubated with 1 mmol/L 8-Br-cAMP (30 minutes) increased GJIC. However, selective inhibition of PKA using PKI, but not by PKG inhibitor Rp-8-Br-PET-cGMPs, completely abrogated GJIC stimulated by 8-Br-cAMP (Figure [5](#F5){ref-type="fig"}B). P-UAECs treated with 1 mmol/L 8-Br-cGMP decreased dye transfer (Figure [5](#F5){ref-type="fig"}C), but neither PKA nor PKG inhibitors (PKI and Rp-8-Br-PET-cGMPs) had an effect on 1 mmol/L 8-Br-cGMP-induced changes in GJIC (Figure [5](#F5){ref-type="fig"}C).

![Effects of PKA and PKG (protein kinase A and G) inhibitors on cyclic nucleotide--induced gap junction intercellular communication (GJIC). PKA, but not PKG-mediated processes, increased Cx43 (connexin 43) Lucifer yellow dye transfer. Representative fluorescence dye microscopy images: (**A**) untreated control nonpregnant and pregnant uterine artery endothelial cells (NP-UAECs and P-UAECs), (**B**) P-UAECs pretreated with 10 μmol/L of either PKA inhibitor (PKI; 1 hour) or PKG inhibitor (Rp-8-Br \[8-Bromo\]-PET-cGMPs; 1 hour) then 1 mmol/L 8-Br-cAMP for 30 minutes, and (**C**) P-UAECs pretreated with 10 μmol/L of either PKA inhibitor (PKI; 1 hour) or PKG inhibitor (Rp-8-Br-PET-cGMPs; 1 hour) then 1 mmol/L of 8-Br-cGMP for 30 minutes. **Left**, Illustrates tetramethylrhodamine (TMR) dextran staining at the cell membrane. TMR dextran is too large to pass through gap junctions (GJs) and, thus, serves as a measure of cell damage at the wounding site and a marker for Lucifer yellow entry. **Middle**, Illustrates Lucifer yellow dye passing through GJs into adjacent cells. **Right**, An overlapping merged photo of the TMR dextran and Lucifer yellow dye images. Dotted lines (---) denote the wound site, whereas the extended arrows (\|←) denote the distance Lucifer Yellow dye traveled from the wound site.](hyp-70-401-g005){#F5}

Cyclic Nucleotides Differentially Regulate Sustained-Phase \[Ca^2+^\]~i~ Responses
----------------------------------------------------------------------------------

In light of the Western analysis and direct GJIC studies above, we further investigated whether the cAMP- and cGMP-mediated control of Cx43 phosphorylation and GJIC is reflected by changes in ATP-induced sustained Ca^2+^ bursting that mediate the enhanced and sustained NO production in P-UAEC^[@R1],[@R2]^ and subsequently the vasodilatory phenotype or P-UAECs that we recently defined.^[@R3]^ Although repeated doses of ATP itself show modest reductions in subsequent Ca^2+^ bursting by ≈10%, the pretreatment with cAMP completely abrogated this (Figure [6](#F6){ref-type="fig"}). Indeed, compared with control burst numbers, P-UAECs exposed to 1 μmol/L and 1 mmol/L 8-Br-cAMP increased the number of ATP-mediated sustained Ca^2+^ bursts by 5.4% and 27.9%, respectively (*P*\<0.01). Conversely, treatment with 1 μmol/L 8-Br-cGMP led to a slight but not significant elevation (2.9%) in Ca^2+^ bursting, while 1 mmol/L 8-Br-cGMP significantly inhibited \[Ca^2+^\]~i~ bursts by 11.5% less than control (*P*\<0.05). This level is similar to ATP-mediated Ca^2+^ bursts previously observed in NP-UAECs,^[@R1]^ but greater than those seen when GAP27 was used to block Cx43-mediated activity and NO production.^[@R1],[@R2]^

![Effects of cyclic nucleotides on ATP-stimulated sustained \[Ca^2+^\]~i~ bursts in pregnant uterine artery endothelial cells (P-UAECs). 8-Br (8-Bromo)-cAMP, but not 8-Br-cGMP, increases \[Ca^2+^\]~i~ bursts in P-UAECs. **A**, Individual plots show representative \[Ca^2+^\]~i~ single-cell tracings of P-UAECs in response to sequential stimulation with ATP (100 μM) in the absence or presence of 8-Br-cAMP or 8-Br-cGMP (1 μmol/L or 1 mmol/L). **B**, Quantitative analysis of \[Ca^2+^\]~i~ bursts in P-UAECs responding to sequential stimulation with ATP (100 μmol/L; 30 minutes), washed, and restimulated with ATP again after a 30-minute treatment in the absence or presence of either 8-Br-cAMP or 8-Br-cGMP (1 μmol/L or 1 mmol/L). Data are restricted to cells showing ≥2 bursts on initial ATP stimulation and recorded as mean burst numbers±SEM. Data were gathered from 4 to 6 dishes with the individual cell count for control (n=196); 1 μmol/L cAMP (n=240); 1 mmol/L cAMP (n=246); 1 μmol/L cGMP (n=211); 1 mmol/L cGMP (n=231). Statistics were performed on raw data. \*, Increases vs control (*P*\<0.01). \#, Decreases vs control (*P*\<0.05). Comparisons of control vs different treatments are by rank-sum test. Dashed line indicates the equivalent level of Ca^2+^ bursts in nonpregnant uterine artery endothelial cells (NP-UAECs) on ATP stimulation,^[@R1]^ and solid line represents previously described Cx43 peptide inhibitor (43,37)Gap27 pre-exposure effects on ATP stimulation.^[@R1],[@R2]^](hyp-70-401-g006){#F6}

Discussion
==========

Previously, we demonstrated the importance of Cx43 function in establishing the enhanced pregnancy vasodilatory phenotype of UAECs during pregnancy that includes increases in cyclic nucleotides.^[@R1]--[@R3],[@R7],[@R13]^ This process is highlighted by the requirement of a functional Cx43 GJs for normal pregnancy-enhanced Ca^2+^ responses to increase NO production. Accumulating evidence has shown that cAMP plays an important regulatory role in Cx43 expression and functionality in many cell types,^[@R15]^ yet there are few reports investigating a role for cAMP versus cGMP in regulating Cx43 in endothelial cell function during the pregnancy state. In this report, we investigated the involvement of the classical cAMP/PKA and the lesser-studied cGMP/PKG signaling pathway on Cx43 phosphorylation states of sites S365 and S368 that are associated with GJ assembly/disassembly and gating^[@R5],[@R14],[@R16],[@R24]^ and function in UAECs during pregnancy. The key findings of the present study are: (1) pregnancy-specific P-UAEC Cx43 phosphorylation state is differentially regulated by both cyclic nucleotides; (2) cAMP/PKA activation mediates a rise in CT1 nonphosphorylated Cx43 S365 signal; (3) cGMP/PKG pathway stimulates a greater rise in S368 phosphorylation; and (4) overall, PKA specifically regulates in vitro increases in ATP-stimulated GJIC function and sustained phase \[Ca^2+^\]~i~ responses that are necessary for enhanced NO production in normal pregnancy, while PKG can oppose these actions through Cx43 S368 phosphorylation. Therefore, this study provides the first direct evidence for the mechanistic basis of the cAMP-mediated and cGMP-mediated signaling pathways opposing each other and that cAMP increases the rapid appearance of new Cx43 protein, for reasons that have yet to be determined, to regulate gap junctional communication in UAECs from the pregnant state.

In the current study, we were surprised to observe that in exposing UAECs to 8-Br-cAMP and 8-Br-cGMP, both cyclic nucleotides decreased S365 signaling in P-UAECs. However, only 8-Br-cAMP stimulated a net decrease in S365 signaling, especially in a pregnancy-specific fashion because this was not observed in NP-UAECs. Most reports studying 8-Br-cAMP actions on S365 signaling found an increase in S365 phosphorylation^[@R15],[@R16],[@R24]^ and not the net decrease as we observed. Others have reported that the CT1 Cx43 antibody preferentially recognizes predominantly nonphosphorylated S365 that is newly synthesized in the Golgi complex and not present in Cx43 GJ plaques in the plasma membrane.^[@R16],[@R26]^ In this regard, our data show that 8-Br-cAMP caused a rapid appearance of newly synthesized nonphosphorylated Cx43 protein. We also observed that 8-Br-cAMP did not increase the S368 phosphorylation that previous reports have shown correlates with reduced GJIC, channel conductance, and half-life.^[@R13],[@R14],[@R20]^ This observation is consistent with other studies that demonstrated that 8-Br-cAMP did not have any effects on the PKC-sensitive phosphorylation site S368.^[@R27]^ Moreover, reports have described S365 as the gatekeeper that prevents S368 phosphorylation until S365 is dephosphorylated,^[@R24]^ thus, showing that phosphorylation and dephosphorylation events contribute to GJIC. Remarkably, because of the 8-Br-cAMP-stimulated decreases in S365 signal, we expected a corresponding increase in S368 phosphorylation; however, this was not the case. Of note, these present data in P-UAECs, however, is not fully consistent with this hypothesis. Using the CT1 Cx43 antibody, we provide direct evidence that 8-Br-cAMP promotes a substantial increase in total Cx43 and net decrease in S365 phosphorylation, but also shows little increase in absolute S368 phosphorylation and a concurrent decrease in overall S368 phosphorylation in P-UAECs.

This is the first report showing that 8-Br-cGMP can also increase the availability of newly released Cx43 in P-UAECs or in any cell type. However, we caution that we only saw this increase by 8-Br-cGMP with the higher 1 mmol/L dose. Selective kinase antagonist studies suggest that 8-Br-cGMP stimulation of PKA at these higher doses or cross talk through cGMP-mediated inhibition of phosphodiesterase PDE3, subsequently increasing cAMP levels, may have occurred.^[@R28]^ Cross talk between the different kinases via phosphodiesterases has been reported in consideration of the NO/cGMP signaling cascade.^15,18,28^Yao et al^[@R29]^ previously reported that activation of the NO/cGMP pathway increases GJIC and Cx43 expression acting through PKA activity. We also show that 8-Br-cGMP has less effect on new protein synthesis or overall S365 phosphorylation and yet increases Cx43 S368 phosphorylation beyond any effect of 8-Br-cAMP. Indeed, this increase in S368 phosphorylation parallels most closely the cGMP-stimulated rises in total Cx43. Thus, while an increase in newly synthesized proteins, presumably devoid of Cx43 S365 phosphorylation, may be available for S368 phosphorylation, this scenario would fit the gatekeeper hypothesis. The fact that both 8-Br-cAMP and 8-Br-cGMP can stimulate substantial increases in new Cx43 protein, but have different outcomes at pS368, suggests that the hypothesis that phosphorylation of sites S365 and S368 are mutually exclusive may not be the only determinant of Cx43 function in P-UAECs. Other studies have suggested that an initial PKA activation may even accelerate subsequent PKC phosphorylation of Cx43 in other cell types.^[@R30]^ However, considering our own data, this was not the case as it relates to our results in response to 8-Br-cAMP. It would seem that, even in the face of increased total Cx43 with both 8-Br-cAMP and 8-Br-cGMP, the maintenance of S368 phosphorylation by 8-Br-cGMP otherwise seen to decline with 8-Br-cAMP is enough to prevent any immediate functional advantage.

In addition to the role of cyclic nucleotides in Cx43 regulation, we also present evidence that specific kinases play an important role in Cx43 phosphorylation. Several reports have shown that increased cAMP increases Cx43 expression, functionality, and phosphorylation,^[@R15]^ and specifically PKA seems to mediate the increase in Cx43 expression.^[@R31]^ The finding that the PKA antagonist inhibits the effects of 8-Br-cAMP on S365, pS368, and total Cx43 confirms that changes in total Cx43 are PKA-mediated and possibly that mass action of such new protein synthesis is the single greatest force that underlies observed changes in phosphorylation at S365 and at S368. The present finding that 8-Br-cAMP also drives parallel increases in nonphosphorylated S365 and total Cx43 is in agreement with several reports that cAMP events are associated with an increased Cx43 export to the plasma membrane, incorporation into functional GJs, and open gating via PKA-sensitive mechanisms.^[@R16],[@R18],[@R19],[@R31]^ The inability of 8-Br-cAMP to overcome PKA inhibition and return responses to levels higher than the control is consistent with PKI being an effective and specific inhibitor of PKA and further confirms that PKA also primarily regulates the basal state of Cx43 in P-UAECs. Interestingly, we also show that cGMP is not protective against PKA inhibition. As described earlier, cGMP may be able to compensate for cAMP inhibition in other cell types, but in P-UAECs, it would seem that normally PKA alone positively regulates Cx43. We also show that PKG inhibition had little or no effect on 8-Br-cAMP-induced changes in total Cx43 or Cx43 phosphorylation levels, but did block the effects of 8-Br-cGMP, including on S368 phosphorylation. This observation is consistent with reports that PKG activation has similar effects to PKC-dependent signaling on Cx43 expression and GJIC,^[@R20],[@R23],[@R27]^ suggesting cGMP negatively regulates Cx43 trafficking and GJ plaques in the plasma membrane in a manner not seen for cAMP.

Although 8-Br-cAMP and 8-Br-cGMP both independently increased Cx43 phosphorylation alone, it was only with 8-Br-cAMP that significantly decreased net S365 signal and increased ATP-mediated GJIC and Ca^2+^ bursts. Functionally, we previously reported that P-UAECs and NP-UAECs exhibit the same expression levels of Cx43, but that P-UAECs show greater ATP-stimulated Cx43 GJ function,^[@R1]^ which we confirm here in this study. Moreover, we have previously shown that inhibition of Cx43 completely abrogates ATP-induced Ca^2+^-mediated rises in NO production,^[@R1]^ a hallmark part of the pregnancy-enhanced vasodilatory phenotype.^[@R3]^ Several reports have shown that increased cAMP increases Cx43 functionality, as well as expression and phosphorylation,^[@R15]^ indicating that GJIC and Cx43 phosphorylation are tightly regulated. Specifically, PKA^[@R31]^ mediates increases in Cx43 expression, and other studies have reported that cAMP/PKA pathway regulates GJIC.^[@R15],[@R18]^ We now demonstrate herein for the first time that cAMP/PKA signaling pathway regulates dye transfer and relative ATP-induced Ca^2+^ bursting in P-UAECs, which is consistent with studies where cAMP-stimulated Cx43 phosphorylation promotes greater GJIC and the number and size of GJ plaques.^[@R19]^ Consistent with other reports,^[@R13],[@R15],[@R16],[@R19]^ treatments with 8-Br-cAMP increased GJIC; however, we show in the present study that PKA (not PKG) inhibition specifically abrogated cAMP-induced rises in GJIC. These data further confirm in P-UAECs that the classical cAMP/PKA signaling pathway primarily increases GJIC, perhaps, by way of both increased GJ open gating and new Cx43 protein availability and translocation through the Trans Golgi Network, without a substantial absolute or relative increase in Cx43 S365. Indeed, the overall slight reduction in S365 is paralleled by a greater decrease in inhibitory S368 phosphorylation, demonstrating that GJIC control by cAMP and cGMP is dependent on different site-specific Cx43 phosphorylation profiles. Thus, physiologically, PKA may be a proximal stimulus of endothelial vasodilatory phenotype and function because it may accelerate the relative delivery of newly available Cx43 to the plasma membrane and facilitate open gating, while free of Cx43 S368 inhibitory phosphorylation. Notably, PKG inhibition failed to exert noticeable effects on GJIC, while exogenous treatment with 8-Br-cGMP decreased GJIC below the pregnant control levels. Although 8-Br-cGMP has been observed to increase GJIC in other tissues,^[@R29]^ similar effects on GJIC were not observed in the current or others studies.^[@R21],[@R27]^ It is noteworthy that the differences observed in 8-Br-cGMP-mediated GJIC may be because of treatment times. In our study, we used 8-Br-cGMP acutely for 30 minutes, whereas others reported^[@R27]^ observed increases in GJIC after a 24-hour period. The purpose of using a shorter time point was to avoid potential changes in Cx43 expression levels and to investigate if rapid phosphorylation of Cx43 coincided with changes in GJIC. In addition, although the 1 μmol/L dose of 8-Br-cAMP increased Cx43 phosphorylation, only the 1 mmol/L dose changed GJIC. This may be because of increased cross talk because of the higher concentration of cyclic nucleotides or possibly by a much smaller mass action effect in our cell type.

While the uterine artery endothelium expresses an abundance of Cx43 protein, Cx43 function is far more related to Cx43 phosphorylation state and location within GJs. Changes in Cx43 function controls communication between cells, and states of high Cx43 connectivity are a part of pregnancy adaptations of endothelial cell function.^[@R2],[@R3]^ The biggest adaptations occur within the uterine artery endothelium where increases in ATP-stimulated sustained Ca^2+^ bursting and NO output occur. However, endothelium adaptations in the systemic and fetal arteries and veins may also occur to different degrees.^[@R13]^ Furthermore, hypertensive disorders of pregnancy such as preeclampsia are associated with a loss of sustained Ca^2+^ signaling in both the uterine and systemic vasculature^[@R13]^ and possibly a decrease in cyclic nucleotide production. Because the uterine artery endothelium exhibits pregnancy-specific endogenous rises in prostacyclin, NO, cAMP, and cGMP production compared with the systemic vasculature,^[@R3]^ this reinforces the importance of enhanced GJ function via cAMP, as described herein. Overall, our data suggest that 8-Br-cAMP causes a decrease in S365 signal because of a rapid appearance in newly synthesized Cx43 for reasons that have yet to be determined, which was exceeding PKA-mediated phosphorylation of existing Cx43. This study further implicates cAMP/PKA and cGMP/PKG pathways in the differential modification of Cx43 phosphorylation sites associated with the assembly/disassembly and gating of GJs, as well as linked to GJ communication and function.

Perspectives
============

The tightly regulated GJ cell--cell communication process by the actions of cAMP/PKA and cGMP/PKG pathways that inversely modulate both Cx43 phosphorylation and GJ functionality during pregnancy were specifically defined. Previously, studies demonstrated the importance of Cx43 function in regulating vasodilatory pathways, including ATP-induced Ca^2+^-mediated endothelial NO synthase activation and NO production. We report herein that the specific actions of cAMP, but not cGMP, mediate the vasodilatory phenotype in P-UAECs. These current data suggest that cAMP stimulates both the rapid increase in de novo Cx43 trafficking to the membrane and the open gating associated with a rise in GJIC, while cGMP serves to increase the capacity of P-UAECs to respond to stimuli, but not to an immediate increase in function. Such processes increase P-UAECs capacity to enhance vasodilatory phenotypes during pregnancy to maintain rises in uterine blood flow. Further direct studies of Cx43 trafficking, assembly, and function would be of value to identify how pregnancy-specific vasodilatory mechanisms fail in hypertensive diseases of pregnancy, such as preeclampsia.
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Novelty and Significance
========================

What Is New?
------------

-   cAMP/PKA (protein kinase A), but not cGMP/PKG (protein kinase G), regulate enhanced connexin 43 trafficking and function at the plasma membrane to increase the capacity for pregnancy in uterine artery endothelial cell cell--cell communication during pregnancy.

-   cAMP/PKA signaling pathway regulate the pregnancy-specific vasodilatory phenotype associated with elevations in ATP-induced Ca^2+^-mediated endothelial nitric oxide synthase phosphorylation and nitric oxide production.

What Is Relevant?
-----------------

-   cAMP/PKA-mediated enhancement of gap junction intercellular communication is a uterine artery endothelial cells pregnancy--specific process to maintain nitric oxide--mediated elevations in uterine blood flow and other vasodilatory phenotypes. Understanding gap junction regulation gives more insight of the mechanisms controlling normal uterine blood flow during gestation, which may be dysfunctional in preeclampsia.

Summary
-------

These findings demonstrate that in the uterine vasculature during pregnancy, cAMP and not cGMP signaling processes promote connexin 43 trafficking to the endothelial plasma membrane and gap junction open gating to increase gap junction intercellular communication associated with the enhanced pregnancy-specific vasodilatory phenotype to maintain sufficient uterine blood flow.
